Age-related memory impairments have been associated with structural changes in the dopaminergic system, but the underlying mechanisms remain unclear. Recent work indicates that iron accumulation might be of particular relevance. As iron accumulates, a degeneration of myelin sheaths has been observed in the elderly, but the relationship between both and their impact on memory performance in healthy elderly humans remain important open questions. To address this issue, we combined an established behavioral paradigm to test memory performance [verbal learning memory test (VLMT)] with state of the art quantitative magnetic resonance imaging techniques allowing us to quantify the degree of myelination and iron accumulation via markers of tissue microstructure in a group of young (18 -32 years) and healthy elderly humans (55-79 years). As expected, we observed a decrease in gray matter volume and myelin, and an increase of iron in the elderly relative to the young subjects within widespread brain regions, including the basal ganglia. Furthermore, higher levels of iron within the ventral striatum were accompanied by a negative correlation between myelin and iron specific for the elderly participants. Importantly, both markers of iron and myelin (and their ratio) predicted the performance of the elderly in the VLMT. This suggests that ventral striatum iron accumulation is linked to demyelination and impairments in declarative memory. Together, our data provide novel insights into underlying microstructural mechanisms of memory decline in the elderly.
Introduction
Impairments in declarative long-term memory are a hallmark of healthy aging, and a convincing link to neural degeneration across a wide range of brain regions has long been established (Hedden and Gabrieli, 2004) . The underlying microstructural mechanisms, however, still remain unclear. Recent work (Daugherty et al., 2015) indicates that age-related iron accumulation in the basal ganglia might be of particular relevance. In fact, iron is mainly located in subcortical structures and rapidly increases in later life (Hallgren and Sourander, 1958; Daugherty and Raz, 2013) both during healthy and pathological aging (e.g., Parkinson's or Alzheimer's disease; Zecca et al., 2004) . Importantly, as iron accumulates, a degeneration of myelin sheaths has been observed in the elderly (Peters, 2002) . Whether these phys-iological changes relate to each other and drive memory performance in healthy elderly humans remain open questions.
The medial temporal lobe (MTL) is essential to form new memories, and age-related structural changes within the MTL may account for a portion of the differences in memory performance (Hedden and Gabrieli, 2004; Squire et al., 2004; Persson et al., 2012) . Physiologically, the MTL projects to the dopaminergic midbrain (substantia nigra/ventral tegmental area) via the nucleus accumbens and ventral pallidum (both parts of the basal ganglia), and hippocampal novelty signals may elicit dopamine release back to the MTL (Lisman and Grace, 2005; Lisman et al., 2011) . In support of the hippocampus-SN/VTA model, human studies could show that age-related structural changes of the SN/ VTA and hippocampus relate to novelty signals and memory performance (Bunzeck et al., 2007; Düzel et al., 2008) , but the effects of basal ganglia iron accumulation in healthy elderly remain less clear.
At the cellular level, iron is essential for a variety of metabolic processes including the production of myelin via oligodendrocytes (Todorich et al., 2009; Mills et al., 2010) . However, extensive iron accumulations may cause oxidative stress and inflammation (Zecca et al., 2004) . This can have direct diminishing effects on myelin and indirect effects by injuring myelinproducing oligodendrocytes, probably by damaging their mitochondria (Haider et al., 2011; Haider, 2015) . Myelin, on the other hand, covers neural axons in the form of myelin sheaths, and as such, plays a key role in transmitting electrical signals along neural circuits (Nave and Werner, 2014; Pajevic et al., 2014) . Therefore, myelin is critical for many cognitive functions including learning. For instance, white matter tracts in the human brain change with learning experiences suggesting that it is highly dynamic and important for brain plasticity (Long and Corfas, 2014) . From a developmental perspective, however, the vulnerability of myelin increases with age (Bartzokis, 2004 ) and a degeneration of myelin sheaths has been indicated during aging (Peters, 2002; Draganski et al., 2011; Callaghan et al., 2014) .
Here, we combined an established behavioral paradigm to test memory performance [(verbal learning memory test (VLMT) ] with state of the art quantitative magnetic resonance imaging (MRI) techniques allowing us to quantify not only gray matter volume, but also the degree of myelination and iron accumulation in a whole-brain approach. More precisely, whereas R2* (the effective transverse relaxation rate) is sensitive to tissue iron content (Péran et al., 2010) , the magnetization transfer saturation (MT) is related to the exchange of magnetization between mobile water protons and protons that are bound to macromolecules as found in myelin (Wolff and Balaban, 1989) . Both markers (R2* and MT) closely relate to their biochemical counterparts (myelin and iron) as shown in postmortem studies (Schmierer et al., 2004; Langkammer et al., 2010) . We expected widespread age-related decreases in gray matter volume and MT (i.e., myelin) and an increase of R2* (i.e., iron) within the basal ganglia. Furthermore, we hypothesized that regions with elevated R2* will show a negative relationship between R2* and MT due to the toxicity of accumulated iron. Finally, we expected that individual R2* and MT values within the elderly's basal ganglia will account for differences in memory performance.
Materials and Methods
Participants. Thirty-two healthy elderly participants were tested but one had to be excluded because of brain anomalies. The remaining 31 participants (14 males, mean age ϭ 67.3 years, SD ϭ 6.2; age range 56 -78) were all right-handed and had normal or corrected-to-normal vision (including color vision). None of the participants reported a history of neurologic or psychiatric disorders, or current medical problems (excluding blood pressure). All elderly (but not younger) participants successfully completed the Geriatric Depression Scale (mean GDS ϭ 1.4, SD ϭ 1.9, GDS Յ5 for all participants; GDS ranges from 0 to 15, scores Ͼ10 indicates depression; Sheikh et al., 1991) and the neuropsychological battery of the Consortium to Establish a Registry for Alzheimer Disease (CERAD; Welsh et al., 1991) including the Mini Mental State Examination (MMSE; Folstein et al., 1975 ; mean MMSE ϭ 29.5, SD ϭ 0.77; MMSE Ն27 for all participants; MMSE ranges from 0 to 30, scores Ͻ25 indicate pathologies) to access mental wellbeing and cognitive integrity.
A wide age range (55-78 years) in our sample of elderly subjects was chosen for two reasons: first, structural and associated cognitive changes have been reported with an onset of ϳ55 years (Raz et al., 2003 Hedden and Gabrieli, 2004) and previous studies are based on a similar age range (Bunzeck et al., 2007; Düzel et al., 2008) . Second, a wider age range offers more variance in the data (MT, R2*, and behavior), which is necessary to compute correlation analyses. Note that there were no outliers in our sample of elderly subjects regarding age and brain structure.
To test for age-related structural brain differences, anatomical data of 31 healthy, right-handed young participants (17 males, mean age ϭ 24.8 years, SD ϭ 2.8; age range 20 -31) were acquired. None of the participants reported a history of neurologic or psychiatric disorders (including depression), or any current medical problems. The study was approved by the local ethics committee (Medical Association Hamburg), and each subject gave informed written consent before testing.
Image acquisition. The structural data were acquired on a 3T MR system (Siemens Trio) with a standard 32-channel head coil. Whole-brain multiparameter mapping (MPM) was conducted on the basis of previous studies (Draganski et al., 2011; Callaghan et al., 2014) using multiecho 3D FLASH (fast low-angle shot) at 1 mm isotropic resolution with predominantly proton density (PD), MT, or T1 weighting. The weightings were determined by the choice of the repetition time (TR) and the flip angle (␣). T1-weighted: 19 ms/20°; PD-and MT-weighted: 24 ms/6°with a Gaussian-shaped RF pulse applied 2 kHz off-resonance (4 ms duration, 220°flip angle) in case of the MT-weighted acquisition. At six echo times (TE: 2.2, 4.7, 7.2, 9.7, 12, and 15 ms) alternating gradient echoes were acquired. A seventh echo was acquired for the PD-weighted acquisition at 17 ms. To minimize off-resonance artifacts a high-readout bandwidth of 434 Hz/pixel was used. Speeding up data acquisition was performed using GRAPPA parallel imaging in the phase-encoded direction (anterior-posterior) with an acceleration speed factor of 2 (total scanning time of MPM protocol was ϳ20 min).
The Statistical Parametric Mapping SPM8 framework (Wellcome Trust Center for Neuroimaging, London) and customized MATLAB tools (MathWorks) were used for data processing. To obtain the R2* maps, a regression of the log signal from the PD-weighted echoes was calculated. To increase the signal-to-noise-ratio for estimation of the MT map, the set of echoes for each weighting was averaged (Helms and Dechent, 2009). The semiquantitative parameter map of MT represents the percentage loss of magnetization induced by the MT saturation pulse and was calculated as described by Helms et al. (2008a,b) . We used MT instead of the commonly used MT ratio (the percentage reduction in steady-state signal) because it is implicitly corrected for non-MT-specific effects, such as spatially varying relaxation times and flip angles (Helms et al., 2008b) , resulting in a more robust and higher contrast (Helms et al., 2010; Callaghan et al., 2015) .
Voxel-based morphometry and voxel-based quantification. Age-related differences in gray matter volume were assessed by voxel-based morphometry (VBM; Ashburner and Friston, 2000) . The MT maps where segmented into gray matter (GM), white matter (WM), and CSF within the unified segmentation approach (Ashburner and Friston, 2005) . We used MT maps for segmentation, because they have a significantly improved contrast in subcortical structures, and help separating the effects of iron concentration from atrophy (Helms et al., 2009; Lorio et al., 2014) . The diffeomorphic registration algorithm (DARTEL) implemented in SPM8 was used for the nonlinear transformation of the images to standard MNI (Montreal Neurological Institute) space (Ashburner, 2007) . GM probability maps were scaled by the Jacobian determinants of the deformation field to correct for local compression and expansion and smoothed with an isotropic Gaussian kernel of 6 mm full-width at half-maximum (FWHM). WM volume maps were excluded because their a priori regional specificity is rather low.
To test for differences in R2* and MT parameter, a voxel-based quantification (VBQ) analysis was used (Draganski et al., 2011; Callaghan et al., 2014) , which preserves quantitative parameter values and enhances tissue specificity. Briefly, the R2* and MT were normalized into MNI space using the subjectspecific deformation fields from the DARTEL procedure but were not modulated by the Jacobian determinant. A combined tissuespecific weighting/smoothing procedure (3 mm FWHM isotropic Gaussian smoothing kernel) was used instead (Draganski et al., 2011) . This method reduces the effects of residual misregistration as well as partial volume effects.
Age-related differences. To identify agerelated differences, a two-sample t test implemented in SPM8 was used (young vs elderly subjects). Statistical threshold was applied at p Ͻ 0.05 after familywise error correction (peak-voxel level) for multiple comparisons (minimum cluster size k ϭ 25 voxel). The effects were analyzed in WM and GM subspace separately with the use of explicit binary masks to ensure that each voxel was only analyzed in one subspace and to exclude non-brain tissue. The masks were generated as follows: averages across all subjects for each tissue class (GM, WM, CSF) were calculated using the Jacobianmodulated tissue probability maps in MNI space smoothed with a 3 mm isotropic kernel FWHM. Voxels were assigned to the tissue class for which their probability was maximal. If neither WM nor GM probability exceeded 20%, the voxel was excluded from analysis.
Post hoc region-of-interest analyses on MT and R2* associations. To address the association of MT and R2* in areas with increased R2*, the clusters of the mesolimbic system in which iron content was significantly higher in the elderly (Fig. 1c) were used as regions-of-interest (ROIs). Because there was no hypothesis about laterality, values from bilateral clusters were averaged. This resulted in two clusters for gray matter [MNI coordinates of the peak: Cluster 1: left: x ϭ Ϫ27, y ϭ Ϫ7, z ϭ 1; right: x ϭ 28, y ϭ Ϫ10, z ϭ Ϫ3; Cluster 2: left: x ϭ Ϫ10, y ϭ 5, z ϭ 7; right: x ϭ 15, y ϭ Ϫ3, z ϭ 18] and two clusters for white matter [MNI coordinates of the peak: Cluster 1: left: x ϭ Ϫ26, y ϭ Ϫ6, z ϭ 0; right: x ϭ 27, y ϭ Ϫ10, z ϭ 3; Cluster 2: left: x ϭ Ϫ9, y ϭ 2, z ϭ Ϫ6; right: x ϭ 9, y ϭ 5, z ϭ Ϫ5]. Within these ROIs, the mean MT and R2* values were calculated for each subject and subsequently tested for correlations using IBM SPSS Statistics (v21). P values were corrected for multiple comparisons for each tissue separately (note, that the two tissues were considered independent because of explicit masking). This resulted in a significance threshold of p ϭ 0.025. For the single cluster in which a significant correlation between MT and R2* was revealed ( Fig. 2a; ventral striatum/nucleus accumbens; MNI coordinates of the peak: left: x ϭ Ϫ9, y ϭ 2, z ϭ Ϫ6; right: x ϭ 9, y ϭ 5, z ϭ Ϫ5), the ratio between both was calculated by dividing MT by R2*. The result was multiplied with 100 for display purposes (Fig. 2b) .
Neuropsychology. To test for learning and memory performance in the elderly, we administered the VLMT (Helmstaedter et al., 2001 ) to all elderly (but not younger) participants as part of a wider neuropsychological assessment (results will be reported elsewhere). A similar English version, the California Verbal Learning Test, is a reliable measurement of declarative memory in aging studies (Düzel et al., 2008; Daugherty et al., 2015) .
A list of 15 nonrelated items (List A) was verbally presented and the participants were asked to immediately recall as many items as possible. This procedure was repeated five times. The sum across all correctly repeated items in all five sessions is referred to as "VLMT total learning" (the ability to learn from repetition). An additional list of another 15 items was administered after the fifth session to cause interference (List B); subsequently, the participants first recalled as many items as possible from List B and then from List A. Following a 30 min delay, the participants were asked to freely recall the items from List A. The difference between the number of remembered items in learning session five and the free recall was referred to as "VLMT consolidation." Finally, this was followed by a cued recall. Here, the items of List A were presented verbally intermixed with items of List B and with semantically and phonologically similar items. Participants had to indicate whether or not an item belongs to List A. The corrected performance (correctly remembered items minus false alarms) was termed "VLMT recognition."
Regression analyses. We used whole-brain linear regression models as implemented in SPM8 to investigate the relationship between the elderly's GM, MT, and R2* maps, respectively, and their performance in the VLMT (total learning, consolidation and recognition). The different scores were used as individual regressors on the probability maps. Clusters with Ͼ25 voxel and a p Ͻ 0.05 after familywise error correction at cluster-level ( p Ͻ 0.001 uncorrected at peak-voxel level) were regarded significant. To further assess the correlations, the mean MT (or respectively R2*) values within significant clusters were plotted with SPSS Statistics. One participant had to be excluded from analysis because of poor performance in the recognition task (value deviated Ͼ3 SD from the group mean).
Results
In a first analysis, we used VBM to test for age-related differences in GM. Confirming previous work (Draganski et al., 2011; Cal- laghan et al., 2014), we found bilaterally decreased gray matter volume in the elderly relative to the young participants in the putamen and orbitofrontal cortex (OFC), the precentral und postcentral gyri, the supplementary motor area, the left supramarginal gyrus, the right occipital cortex, the right superior temporal gyrus, the right medial frontal gyrus, as well as in the right inferior parietal gyrus (Fig. 1a) .
VBQ on MT maps revealed decreases in the elderly relative to the young participants in MT saturation (indicative of myelin) within the left hippocampus, right thalamus, caudate, cerebellum, postcentral and precentral gyri, the right colliculi superior, the left occipital cortex and widespread WM tracts (Fig. 1b) , in line with previous findings (Draganski et al., 2011; Callaghan et al., 2014) . VBQ on R2* (indicative of iron), on the other hand, revealed increases in R2* in the elderly versus the young participants bilaterally in the putamen, pallidum, caudate and ventral striatum, and partly within the occipital cortex (Fig. 1c) .
To further investigate the nature of higher iron levels in the elderly's basal ganglia, mean R2* and MT values for each subject were extracted in regions, where R2* was significantly increased in the elderly (see Materials and Methods). A region-specific negative correlation between R2* and MT could be identified in the ventral striatum of the elderly (r ϭ Ϫ0.441, p ϭ 0.013; Fig. 2a,b) , which was absent in younger participants (r ϭ Ϫ0.116, p ϭ 0.535). However, a direct comparison between both correlations (Diedenhofen and Musch, 2015) did not reveal a statistically significant difference ( p ϭ 0.09, one-tailed), which might be due to the relatively small sample size and needs to be addressed in future studies.
To examine the relationship between memory performance and (micro)-structure, VLMT scores (learning, consolidation, recognition) of the elderly were used as covariates in whole-brain linear regression models on gray matter, R2*, and MT maps, respectively. Converging with the results above, within the ventral striatum there was a positive correlation ( p Ͻ 0.05, familywise error corrected) between VLMT learning performance and MT ( Fig. 3a,b ; MNI coordinates (peak) and size of the significant cluster: x ϭ Ϫ20, y ϭ 0, z ϭ Ϫ9, k ϭ 112), but a negative correlation between VLMT recognition performance and R2* ( Fig.  3c,d ; MNI coordinates (peak) and size of the significant cluster: x ϭ Ϫ15, y ϭ 15, z ϭ 0, k ϭ 69). Additionally, VLMT learning performance was predicted by the ratio of MT/R2* (Fig. 2c) as extracted from the initially identified ventral striatum region showing increased iron levels in the elderly (Fig. 2a) . Importantly, none of the behavioral measures was correlated with chronological age (learning: r ϭ Ϫ0.196, p ϭ 0.290; consolidation: r ϭ Ϫ0.032, p ϭ 0.864; recognition: r ϭ Ϫ0.275, p ϭ 0.134). Moreover, when adding age as a covariate in each of the correlations reported above (i.e., partial correlations), all results remain statistically significant ( p Ͻ 0.05).
Outside the mesolimbic system, learning correlated with MT white matter and MT gray matter within the vicinity of the corpus callosum (MNI coordinates: GM: x ϭ Ϫ6, y ϭ Ϫ28, z ϭ 30; WM:
Finally, whole-brain regression analysis on gray matter volume and VLMT scores as covariates revealed no significant effects ( p Ͻ 0.05, familywise error corrected).
Discussion
We investigated how age-related microstructural brain differences interact and how they influence memory performance in the elderly. In line with our hypotheses (Draganski et al., 2011; Callaghan et al., 2014) , we observed age-related decreases in gray matter volume and myelin, as well as increases in iron content in the elderly compared with younger participants. Furthermore, we could show that higher iron levels are associated with a regionspecific correlation of iron and myelin markers within the ventral striatum, which predicted memory performance. Finally, by analyzing behavior-structure interactions on a whole-brain basis, we found iron and myelin, but not gray matter volume, within the basal ganglia to account for individual performance differences in the elderly.
The age-related differences in the brain's macrostructure and microstructure resonate well with previous imaging studies and ex vivo histologic reports (Hallgren and Sourander, 1958; Draganski et al., 2011; Callaghan et al., 2014) . Although decreases of gray matter volume in the elderly indicate macrostructural changes, their underlying mechanisms still remain unclear. They might reflect loss of neurons (Pakkenberg et al., 2003; Draganski et al., 2011) , changes in synaptic density, or axonal and dendritic arborization (Terry, 2000; Hedden and Gabrieli, 2004; Esiri, 2007; Shankar, 2010) . The lower MT values throughout white matter tracts and in subcortical regions in the elderly indicates less macromolecular content, mainly myelin. This probably demonstrates demyelination and dysfunctional remyelination in the aging brain (Peters, 2002; Marner et al., 2003) . R2* (indicative of iron) was found to be significantly higher mainly within the elderly's basal ganglia. The reason for the accumulation of iron with age is still unclear, but some studies suggest that it may be triggered by the attempt to maintain a declining system by in- Figure 2 . Relationship between MT and R2*. a, One ROI within the ventral striatum (nucleus accumbens, see Material and Methods) showed increased R2* in the elderly, and (b) a negative correlation between MT and R2*. There was no such relationship in the younger subjects (see Results). c, Within this region, the ratio of MT to R2* (MT/R2* ϫ 100, for display purposes) predicted performance in the VLMT learning task.
creasing metabolic processes (Bartzokis, 2004 (Bartzokis, , 2011 Mills et al., 2010) .
We found a negative correlation between memory performance and R2* within the ventral striatum (Fig. 3c) confirming one of our main hypotheses that basal ganglia iron accumulation has a negative impact on mnemonic functions. Functionally, the ventral striatum is part of the hippocampal-VTA-loop, which suggests that the SN/VTA and hippocampus interact to encode novel information into long-term memory. Importantly, at the downward arc of the loop there is no direct projection from the hippocampus to the dopaminergic midbrain but a polysynaptic pathway including the ventral striatum (Lisman and Grace, 2005) .
Although dopamine has long been established to be critical for mnemonic functions (Jay, 2003; Morris, 2006) it is also clear that its synthesis strongly depends on the availability of iron (Zecca et al., 2004) . Although a homeostatic balance between iron and dopamine levels is characteristic for the healthy brain, this relationship is inversed when iron levels are abnormally high. In fact, this pattern has been reported within the basal ganglia of patients with Parkinson's disease (Gerlach et al., 1994; Zecca et al., 2004) . Therefore, our negative correlation between iron and memory performance in the elderly might be indicative of decreased dopamine because of increased iron leading to reduced memory performance. This view is further supported by animal studies showing that iron chelation reverses memory impairments that are associated with iron increases during healthy aging (de Lima et al., 2008) .
Complementary to the effects of R2* (i.e., iron levels), MT (i.e., degree of myelin) within the ventral striatum correlated positively with memory performance. Physiologically, myelin accounts for the speed of impulse conduction (Nave and Werner, 2014), and plays an important role for the communication between brain regions, which is a critical variable for cognitive performance in general (Buzsáki and Draguhn, 2004; Pajevic et al., 2014) . Importantly, learning drives myelination (Long and Corfas, 2014), and conversely, genetically modified mice, who are unable to form new myelinating oligodendrocytes failed to learn a new running strategy (McKenzie et al., 2014) . Across the lifespan, the efficacy of forming new myelinating oligodendrocytes decreases (Shen et al., 2008) , and thinner and shorter myelin sheaths alter transmission speed (Seidl, 2014) . Our results are in line with these findings and provide in vivo evidence, that low levels of myelin within the ventral striatum are associated with lower learning performance, probably due to disturbed signal transmission within the hippocampal-VTA loop (Lisman and Grace, 2005) .
Metabolically, iron is essential for the production and maintenance of myelin (Todorich et al., 2009 ), but imbalanced iron concentrations can trigger oxidative stress and inflammation (Zecca et al., 2004; Hare et al., 2013) . Our findings of a negative relationship between R2* and MT in the elderly (Fig. 2b) but not younger subjects are compatible with such a view, and they demonstrate for the first time that healthy aging is not only associated with higher striatal iron levels but also with a negative correlation of iron and myelin. This suggests that high iron levels relate to demyelination in the elderly and might indicate a distorted iron to myelin homeostasis (Zecca et al., 2004) . However, it may also be possible, that a myelin breakdown (e.g., due to damaged oligodendrocytes) leads to a release of iron (Izawa et al., 2010; Haider et al., 2014) . In either case, as a result, the ratio between myelin and iron correlated with declarative memory perfor- mance, which further suggests that the striatum plays an important role in declarative memory (Lisman and Grace, 2005; Scimeca and Badre, 2012) .
Finally, we would like to point out the following limitations of our study. First, R2* and MT are sensitive but indirect markers of iron and myelin. However, histologic evidence shows that both markers closely correspond to their biochemical counterparts (Schmierer et al., 2004; Langkammer et al., 2010) . Second, we used a cross-sectional and not a longitudinal design. Therefore, the terms "increases" and "decreases" relate to group differences between young and elderly subjects rather than individual development over time.
In summary, we provide novel in vivo evidence that healthy aging is associated with higher levels of iron within the basal ganglia and a negative correlation between iron and myelin. Importantly, both markers of iron and myelin (and their ratio) predicted memory performance giving new insights into the underlying microstructural mechanism of healthy aging. From a more general point of view, our findings underline the power and sensitivity of MRI-based VBQ to investigate the effect of microstructure on behavior, which appears to be a versatile approach to disentangle healthy from pathological development in future studies.
